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Abstract 


An investigation has been mede of proton and 
alphe particle groups from deuteron bombardment, at 
various enersies, of chlorine. Tergets were iC] gas 
and evsporateö 301 layers, varying in isotovle 
eonstitution from 15 to 65 percent ca”, 

A8esismmnerte of “evaslues to isotopes were as follows: 
0159: 6,27, 5.51, 5.00, 4.75, 4.50, 3479, 3.42, 3.01, 
2,71, 1.11, 0,72, and 0.07 dev, corresponding to cxeli 
tations in C156 of 0, 0.76, 1.16, 1.55, 1.97, 2.43, 2.35, 
3.26, 3.56, 5.16, 5.49, and 6.20 New. 0197: 5.77, 2.55, 
2.57, 1.36, 1.43, 0.20, end -0.33 dev, corresponding to 
excitations in 015 of 0, 1.22, 1.40, 1.91, 2.34, 3.40, 
4.15 Mev. Tho probable error for all w-välues is about 
Owl Mev; thet for the excitations somewhnt less. 

A method of estimating corrections for peaking 


and other corrections required in the work is discussed. 





als 
introduction 


The existence of energy levels in atomie nuclel 15 
one of the irritetin: problema in modern physics. The 
sctual problem really no longer lles in the existence of 
such levels ~ after becoming aeceustomed to the dlecon- 
tinuous nature of energy processes in the relatively 
macroscopic field of atomic and molecular phenomena one 
rather expects it =- the problem bkas become the lack of 
any adequate physical or methemetical representetion of 
nuclear systems. It is certaiíniy true thet a grent deal 
is known ebout the interactions of nuclei end about their 
energetic properties; it is equelly certain thet e great 
deal more is needed before a satisfactory theory of 
nuclei can be developed. 

fhe methods eveaelleble for tke study of nuclear energy 
levels are several. One of the most prolific, end that 
used in this work, is the determination of energies of 
particles produced in nuclear reactions initieted by 
bombardment with cnergetic particles. 

Pioneers in this activity with artificially acce- 
lerated particles were Cockcroft and Walton, who in 1939 
with the now famous Cockeroft-Nalton acceleretor bombarded 
lead and beryllium targets, end in later work in 1852 
observed the reaction ba! (pœ) He* with protons of energy 
around 700 kev and energy release, or €, of 14 Mev. It is 
of interest and amusing to note thet this work involved 
alse probably the first use of coineidence counting 


techniques. ‘The measurements were accomplished by con- 








tinuous recording on & tape of scintillations as seen 
by two observers watching sereens on opooslte sides of 
the terset. A busser wees kept sounding in the room so 
that the observers could not hear the clicks of each 
other's recording keys! 

The results of Cockeroft and selton were soon 
checked by Lawrence (1) using the recently constructed 
Li-ineh cyclotron at the Hedlation Laboratery of the 
University of Celifornie (LE). At thie time alse 
Lawrence, Livingston, and White suggested the secrasibi-~ 
lity of muclesr energy levels through this kind of work, 

Many investigations have followed. The kineties of 
nuclear reactions have been worked out in great deteil 
end bave becowe commonplace; methode of analysis of deta 
have become extremely refined. ‘Sith improved methods 
has come the cleer demonstration of the discrete nature 
of the energy changes in these reactions, end the obeer- 
vation of groups of product perticles of differing end 
honogeneous energles shows very compellingly the presence 
of excited states in some of the nuclei involved. 
Numerous experiments heve compered energy levels obtainable 
from different reactions (B1) and show in general that 
the group structure of protons from deuteron bombardment 
is due to the retention by residual nuclei of differentbut 
discrete and fixed amounts of the evailable energy, 
which amounts of enersy sre then liberated as gemma rays. 

Meany of the investigetions of nucleer energy levels, 


and neerly all of those at this leboretory, have been made 
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on the (d,p) reactions in light nuclei. These reections 
are studied by bombearding suitably prepered targets with 
Geuterons of known energy, snc measuring the numbers of 
protons emitted in various directions in discrete energy 
intervels at varyins energies. (For a gocd 1937 treatment 
of the methods, see L3, for theory 82). Energy-momentum 
omite involving the masses of the nuclei and particles 
(L3) shows the release of energy in definite smounts, 
independent of the bomberding energy, for egiven terget nucleus. 
The differences between these emounts, or Gvelues, have 
been shown to correspond to excited states (energy levels) 
in the residuel nucleus. The numbers, energies, spacings, 
and relative probabilities of these levels, correlated with 
other properties displeyed in other reactions of the 
nuclei of ell tie elements are expected ultimately to lead 
to a setisfactory nuclear theory. 

As has been stated, much of the previous work has 
been on light elements. These are preferable fpom an 
experimental standpoint since their proton (hence energy 
level spectra are simple end the groups widely spaced. They 
are the more natural elements to ettack from one theoretical 
standpoint as well in that presumetly the simpler the system 
the simpler the theoretical treatment - this is conspi- 
cususly the case in the realm of stomic physics. This argument 


is not quite valid, however,es "exact"solutions can be consi- 





ered to exist only for the lightest of nuclei; the 
theories which have been successful (in a qualitetive 
wy, which is as successful as such theories have been) 
in deseribing nucleer energy levele have been of a 
statistical neture, presuming lerge numbers of particles 
in the nucleus, 

Recent trend hae been toward investicetions of 
heavier nuclei. The region of sulfur, chlorine, argon 
(A~35, 2-17) has been investigated with some care (DE, 
Zl, DS, etc.) =- arzon is stëll under study et this 
laboratory = but no work has been done on chlorine itself 
since that of éhreder and Pollard in 1940 (51). 

With this in mind and with en idea also of obtaining 
more information relevant to the increesingly important 
"magic numbers" (M4), (chlorine lsotopes of mess 36 and 
33, the residual nuclei of (d,p) reactions in chlorine, 
lie each side of the megic number 20 of neutrons) and 
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investigation of excited states in the nuclei CI d 


S ke has been undertaken, 
Existing cate ere scanty. The original work of Shreder 

and Pollerd reported six groups of protons and one of 
alpha particles from deuteron bombardment of silver 
chloride targeta., The assignnents and @ values were 28 
follows: 

0199 (asp) 0130 Q e 6.31, 5.35, 1.50 Mev 

01% (d,p) cı®® Ga 4,02, 3,02, 2,10 

0135 (apo) 59 Qapi 








These @ values indicete excited states in the resi- 


duel nuclei of 1.0 end 1.92 Mev in 61” 
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end of 0,96 and 
4,91 Mev in GI 


The only other measurement of excited stetos in ehlorine 
nuclei are those of the Chalk River group (U6). These 
ere (n,y) measurements showing energies of 8.56, 7.77, 7.42 
6-93, 6.62, 6.12, 5.72, 5.51, 5.01, 4.46, 4,06, and 3,62 
Mev corresponding to excitations of 9.79, 1.14, 1.635, 1.34, 
2,44, 2,84, WS, 53,55, 4.10, 4,50, end 4,94 Kov, 
These heve not yet been assigned to isotopes. 


Mase @ssignnents mede by Shrader and Follerd were 


e 35.9308 
e 

045% 37,9906 

55 32.9828. 


The present investigation was underteken to ettemt further 
to resolve the group structure whose presence wes apperent, 
to make more accurate mess data available, and to essay 
some discussion of the excited state structure of the 


chlorine isatopes, 








le Experimental Hethoad 


After some considerstion the decision wes made to 
use @ gaseous target. Such targets have ylelded consis- 
tently good results in this leborntory (P1)(De), seeming 
to give somewhat narrower groupa then even very thin solid 
targets, A gas target of course cannot be surpessed for 
homogeneity under most conditions, and has the edädltionel 
advantege of being flexibly and easily controlled in 
thiekness. This latter advantage may be said to be an 
idealized one; the moot practical procedure was found to 
be, once a target was prepared and got into the chamber, 
to leave it without tempering until the run wae terminated, 

The basic techntoue and most of the apparatus used 
have been described laboriously elsewhere. The bombardment 
chamber has been discussed by Daviaon (D2), and the 
counters end circuits used in conjunction with it were 
discussed by Martin (M4), Solid terget observations were 
made usin: the bomberdment chamber and method described 
by Martin (44). Some of the work on both gaseous and solid 
tergets was done with the large solid-angle counter described 
by Benson (B5). Counter fillings were argon et 15 and 20 
centimeters of mercury pressure, 

In the interest of reducing beckground and making 
the geometry of the system meaningful, the beam wes 


defined by means of 6 square aperture 16mm on a side, set 
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eccentrically in the end of a 82 Inch extension which was 
belted to the cyclotron beam port with an O-ring seal, 

The aperture was pleced eccentrically so as to pass the 
bean just inside the wall of the Davison chember nesrest 
the proton exit window, 10 whole chamber was insulated 
with a Teflon gasket end Teflon bushinge beyond the beam 
aperture, and was used as collector from which the bean 
current wres measured end integrated. The cyclotron magnet 
and deflector magnet currents were tuned generally to give 
maximen indicated beasx current with this erranzement,. 

It was found thet the gas target, HCl, wes sonewhat 
evanescent in nature while under bomberdment: the target 
pressure might drop by fifty percent over e period of eleht 
hours. This was at first believed to be caused by disso- 
ciation of the tarset and combination of the active chlorine 
with the chamber walls; the fact that the rate of disap- 
pearance of target decreased with time under bombardment 
seemed to substantiate this, as it indicated a saturation 
effeet in the formation of a protective coating of chlorides 
(mostly sine chloride) on the walls of the brass chamber. 
The same effect was later observed without bombardment, and 
from this it wae concluded thet the HCl was reacting di- 
rectly with the chamber material despite the assurances 
of authorities (L5 and similar publicetions) that dry HCl 
hardly reacted with metals except aluminum, The aluminun 
foils used were never observed to be affected by the HC1 


except where exposed to the action of deuteron beam and 
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HCl togethar. In this case, though there wes visible 
clouding of the aluminum surface, there ves no detectable 
change în weight of the foils. This resection covld not 
thon heve been very extensive. 

Fecauge of the persistent end inconvenient Joss of 
target, and because the volume of the Davison chamber and 
the associated manifold, tubing, etc. were excessive for 
satisfactory use of small quantities of tarret, e different 
approach was adopted in the later part of the work. A 
glass chamber was conbtructed and fitted with a small 
Bourdon-t:;pe vacuum cage (recalibrated against a mercury 
manometer to cm pressure in stead of "inches of vacuum”), 
an evacuating connection, and e standerd taper connection 
for filling, This chamber was sealed with de Khotinsky 
type cement (Cencs Sealstix) into a heavy brass flange 
machined to fit the base plate of the Devison chamber, 

The first glass chamber is shown set up and in use in 
Figure L, The tubing, manifold, Selsyn-controlled foil 
changer, terget bulb, end preempiifier are also visible in 
the photograph, This chamber was displeced slightly in 

the flange eo that the beam would be centered in it. Its 
Volume was about helf thet of the Davison chamber with the 
associated system required to get tergets into ite The life 
of this chamber was short, as the deuteron bean soon honey 
combed its unprotected ont with fine erseka, A second glass 
chaaber was constructed, of even smaller volume am this 


time with a dise of gold fold of about 9.002 Inch thick- 














ness blocking the end of the tube beyond the proton port 
and the three connections. This foll was snot welded to 
a nickel wire, and the niekel wire to s wolfrem wire 
which was brought out through e glass-to-metal seal, 

Tue foil was thus supported firmly and ct the same time 
could be used es a beam collector to supplement the 
bress grid supporting the deuteron entrance foil. 

Almost all of the beam energy measurements were 
made using the Davison chamber as a range cell with 
an end plato hevins a recess conteinins au insulated 
probe, The recess was isolated from the mein chamber 
by an aluminum foil and wae evacuated independently, 
being kept on the pump at all times when the chamber 
was in use, Other meesurements of the beam energy were 
made with the range cell fitted to the solid target 
bomberdment chamber in the arrangement shown by Sailor 
(33). 

The material chosen for target gas epp RGL, This 
substance is availsbie in e very high state of purity 
from the Netheson Ca of Eset Rutherford, New Jersey. 
The tank 6C1 is 22,5 percent purg with the principal 
impurities 0.2 percent acetylene ená 0.3 percent chlo- 
rinated hydrocarbons. As HCl contains only one atom of 
chlorine per molecule it is well suited to isotopie 
seperation by thermal diffusion. Its supposed non- 
reactivity is another ergument in its favor, 








Observations were made at 90° to the deuteron been 
at ell bombarding energies. it is not possible to use 
& gas target at zero degrees because of the prolific 
and complicated sroton spectrum from aluminum (or from 
any other material such as mica which might be used 
in its plece to Isolatedthe target) which eould not be 
separetei from the protons from the target. Use of a 
gas target at any angle but 90% 1s in fuet difficult 
aná not recommended because or the excessive smount of 
Stopping material in the gas itself in way of both protons 
and deuterons which results from the geometric requirexent 
of not allowing any of the beam to strike env matter not 
part of the target which cen be "seen" by the counter. 
Target materials to enable assignment of excited 
levels to Isotopes were available from two sources, The 
thermal diffusion isotope seperation progr@ém at this 
laboratory, it wes hoped, would be abis to provide nearly 
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and HCI“' for study, Trom theo Carbide and 


pure EC1 
Cerbon Chemicals Division of the Unlon Cerbide and Carbon 
Corporation, Oak Ridge, Tenessee, can te obtained elso 
silver chloride in email quentities enriched electro- 
magnetically in chlorine cortent to 65.6% c1%, 54.4% 
(195, 200 milligrams of chlorine in this form, corres- 
ponding to 125cc dry ÉC1 at 2,7,P,, werc obtained from 
this source with the intention of converting it to EC] 


for target purposes, “The impurities in thio meterial 


were determined spectroscopically to be: 


Sex 








Al detected but lesa then 9.95% 


Cu > . P " 0,04% 
Fe y 0 . " 0.04% 
K ` p > E. OR 
MS i A A 
Ya C] n n n 0.08% 
si 0.08% 


Sn detected but less than 0.07% 


The separation of Isotopes by thermal diffusion 
hes been under investigation in this laboratory for some 
years. The phenomenon of thermal diffusion, i.ec., 
gaseous diffusion as a result of a thermal gradient, 
was predicted indevendently in 1915 by S. Chapman (C4) 
and in 1917 by D. Enskog. Chapman soon pointed out the 
possibility ef using the process for the separation of 
isotopes which could not be separated chenicelly, although 
his theory was not restricted to such a process, being 
equally applicable to any mixture of geses ss long ae there 
was a difference of molecular mess, size, or interaction 
among the kinds of molecules present. The theory wes 
verified quelitatively experlmentally by Dootson (D4), 
By 1934 larmsen, Vertz, and Schlitze had succesded in 
separsting Ne*“2 and "2 to a high degree of purity, and 
in 1937 @lusius end Dickel hit upon the 
idea of cascading the thermal diffusion 
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into & eontiruous process by utilizing convective 
currents in a column ir which a radiel thermal gradient 
wesc maintained., rreviouc work head teen restricted to 
hote-and-cold-bulb erranguents. “ito five SS meter columns 
operating in series, Clusius and Lickel obteined 99.6% 
2c1°5 ang 90. 4% aga”. So previous ettezpte to separate 
isotopes of chlorine hac met any significant success, 
anc this work wes followed by 8 resi of theoretical end 
experliuentel investigations, Approximgete treateents of 
the theory leve been worked out by severel authors 

LES, Jl, Fl, 25, 22) and an exact solution hes appeared 
recently for the cif erential equation of the diftusion 
Column (87). It is not proposed here to diseuse the 
theory of thermal ciffusion, which ils most complex, bat 
it is possibie to describe the performance of the appe- 
ratus in simple terme whieh are set fort below, as taken 


from Jones end Furry (F1). 


fhe transport equation for e column is written 


d 

La He Kä 
where "TC 73 is the trensport of molecules of species 1 
up the tube in grena per second, cy ís the relative 
perticle. density of molecules of species 1 (the lighter 
One) Com l-cy is the relative density of the particles of 
species 2, and z is “a coordinate whose positive direction 
is up the tube". H and K ere the transport coefficients, 
constantswhose values depend upon the kind of molecules, 


the pressure, the mechenical characteristics of the 





_epparatus, and upon the temperature difference. maintained 
across the column. K is the sum of the coefficients 
accounting for remlXing: convection currents, ordinary 
diffusion, end parasitic currents induced by irresule- 
rities and asymmetries in the apparatus. As the conditions 
ere symmetrical with respect to the heavier molecule, a 


transport equation for it 


To be Hec — KS ssa 


can be written with the positive direction of z now down- 
ward. The equation is generalized to epply to either 
component by letting c represent the concentration of the 
component beinz concentreted, e zl-c the concentration of 
the other component, the positive direction is thet of 


increasing e, and is the transport rate of the material 


de 


Hee ~ Kae 


being concentrated. ‘hen 


Por discontiruous operation - thet in which the 
system is allowed to reach equilibrium before any pro- 
Guet is removed - the final state is cheracterized by 
the vanishing of q all along the tube. With 7 «0 the 


transport equation may be integrated to give 


2A(=-=z 


where Am H/2K, Considering the ends of the column, 


af, 
. 





using subscripts f to designate the positive end and i 
to Cesignate the negative end, one may invent a 
separation fector 
4 = (e/z); 
C/E); 
whose equilibrium value is 
ZAL 
as oe 
where L is the length of the column. One may reelize 
the equilibrium seperation factor nearly fully by 
maintaining cy at its natural or original value; this 
may be accomplished by continuously or intermittently 
replenishing the sas at the negative end of the colum. 
Obviously it is desirable to make the quantity A ag 
large as possible, It was believed possible a2 a result 
of recent work (34,D6) to improve substantially upon the 
separation obtainable in HCl in a single column in a 
reasoneble length of time by inducing a smell controlled 
degree of "turbulenee" in the colum and by using an ele- 
vated cold wall temperature. The results were somewhat 
disappointing and are sumarized in Table I for ges 
samples some of which were ultimately subjected to 


bombardment. 





Teble I 
ZA Te p spacers 4059 q theor 4 obs 
709 15 TR 7 32 - 1.3 
799 79 72 ? 3] - 1.3 
350 34 74 7 BE O. 5.75 Zel 
999 8l 72 132 37.5 5.75 Le 


Here Ih end Y, sre the temperatures in degrees 
Centigrade of the het wire and cold wall, respectively; 
p is the pressure in the column in centimeters of 
mercury; "spacers" refers to the nwaber of small 
eross-pieces spotwelded to the hot wire (132 corresponding 
to one every inch); 40195 is the concentration of EC]99 
in the upper end reservoir as determined by mass spectro- 
meter; and Stheor and Gobg Ere the separation factors 
as estimated from theoretical considerations and as 
ectuelly observed. 

e best concentration of C1% attained was 31,4%, 

corresponding to e separetion factor of about 1,4, 

The column used in these efforts was 11 feet long 
and 3/3 inch in inside diameter; the hot wire was of 
15 mil platinum. 

The labors involved and the figures cited above 
were provided by Mr. A.Z. Kranz. 

The method of handling the small quentities of HCl 
used wes taken from Senderson (S55) and consisted essen- 


tially in 
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1, Evacueting the container where the [Cl vas 
desired to be 

2. Opening the connecting cock or cocks between 
the reservoir and receiver 

Se Reducing the temperature of the receiver with 
liquid air so that the HCl] would freeze on its walls 

4. Closing the connection. 
Liquid etr teaperature wes found to te e very effective 
HCl pump, and the method also permitted purifyins the 
gas of the universe] contaminants nitrocen and oxygen 
simply by pumping off the residual gas while the HCl 
wes frozen. In this way small but quite pure samples 
of EC1 (perhaps SOcc at f atmosphere) could be obtained. 

in view of the evanescent quality of gas targets 
mentioned above, it was decided to use the small quentity 
of enriched silver chloride obtained from Oak Ridge in the 
form of solid targets. These were prepared by evaporation 
in vacuum on thin gold leaf. A tantalum ribbon whose 
center wes shaped into a exp about Zur equere and 2mm 
deep was used as a filament and holder for the material 
te be evaporated, and was bent so thet the cup was loca- 
ted well up inside a tubuler glass baffle whose constnc- 
ted upper end defined a cilreular area of deposition upon 
the gold leef. The glass beffie served to intercept all 
the AgCl which did not go to the tarset and at the same 
time permitted visual observation of the progress of the 





evaporation from the filament. This method proved 
satisfactory only for the production of very thin 
targets, as at high vacua silver chloride boils violently 
at temperstures little above the melting point and 
deposits obtained by using large (50ng) quantities of 

the material or by moving the cup nearer the target 

were inveriably grenuler. This seemingly incependent 

of the Milanent temperature used. It was never found 
possible to make a terget thick enough to permit 
detection of the hicshest anergy groups of 0155, either 
with snriched Agcl or the natural material, t was 
thought that AgCI should make s nearly ideal tarzet - 
before it wis appreciated that the effect of the deuteron 
beam upon it would be just the same as thet of white 
ligat but much intensified, leaving fine bleek deposits 


of metallic silver won the gold bseking. 


The proceeadure followe2 in obtalning cata was uni- 
form and conventional. Considerable difficulty was 
experienced in early stages of the work, particulerly 
with the low yield high energy groups, in obtaining 
significant yields without excessive backgrounds and 
large target thicknesses with resulting high group widths 
end general bad resolution. Defining the beam by means 
of the lémm square iris (replacing a 32mm round one) 
reduced background difficulty considerebly in addition to 
reducing the energy width of the beam somewhat. It 


was not until the smell volume glass chamber was used 
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that the background became consistent and reasonably 
small, allowing reliable integral curves to be teken on 
the end group. It was contrived to take the equivjlent 
of a total of about ten complete runs over the whole 
range ‘of proton energy accessible. The setrch for addi- 
tionel yield was carried out to 150 and 200 centimeters 
on several occasions without finding anything except 
the high «€ group [rom nitrogen. 

It was found possible to tere integrai curves on 
severel of the inner groups using the evaporated 201 
targets, because the yield of the outer groups was so 
email. The relative yieids obtained from the solid 
targets must be regarded as suspect, however, except 
for adjecent groups, because of the decomposition of 
these targets by the bean. 

Before filling a gas chamber with HCl it wes elways 
dried thoroughly by flushing about a half-dozen times 
with air dried in a liquid air trap. This was a time- 
consuming procedure, but it was found to be necessrry 
as the aluminum foils were subject to attack if it was 
not followed. As has been mentioned, the brass was 
attacked anyway, but the rate ofebsorptíon of the HCl 
by the chamber decreased with time ~ presumably with 
the formation of a protective coating. 

A condition contributing to uncertainties in the 
values of Q's derived [rom this apparatus is the leck 


of regulation other than “intermittent manual” type of 





+ 
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the deflector megnet which bends the external beem clear 
of the main magnet yoke. The exciting current must be 
adjusted frequently; as a consequence errors from this 
ource cannot be elininated entirely. The depenflence of 
tie mean bean energy upon this current is not great, 
however (80 kev between 94 and 100 amperes), so the net 
effect ts estimatec es a smell increase in the probable 
error. 

The stopping power cf chlorine res determined by 
making one bean energy determination with HCl in the 
range cell instead of air. This gives a direct conversion 
from centimeters of HCl to centimeters of sir for deue 
terons averaved over the range from zero to the bean 
energy. This vaiue was usec in all c@lcuintions, 28 
the reletive magnitude of the energy change from slowing 
of the beam by the gas before it resxches the target 
resion £s much greater than thet imposed by the small 
amount ot gas in wey of theealtted protons, The equi- 
valence found was thet 1 em HCl 2 1.12 em wir, yielding 
an Gtomic stopping power for chlorine of 2.04 if combined 


with en average value for the stopping, power of H (L3). 


In the experimental work it has not elweys been 
possible to resolve clearly the closely spaced zroups. 
It is possible to derive extrapolated ranges from such ill- 


resolved groups by the method of "construction" which 


5 





has been employed by many investigators, but the results 
are not to be believed as readily cs those obtained from 
well-defined, isoleted groups. The sane consideretions 
apply to relative yields, which can be caused to very 
widely by small veriations în width used în the construction. 
Figure 3 snows the resolution into groups of one of 
the runs on solid sliver chloride by this method. The 
procedure must be used vith discretion; it is after ell 
not difficult o "resolve" into groups of any width de- 
Sired a horizontal straight line. 

The ranges measured were converted to energics 
using the Cornell 1937 range-energy relation. The G-values 
were derived from the non-reletivistie snerzy-monentum 


relation for 90° observation 


E a — E,- SEN E 
R 


where subscripts I, A, end ? refer to incident, resi- 
dual, and product particles, respectively. Subscript D 
(for deuteron) appears in the section following on 
corrections; no other incident perticles were exrloyed 
in this work. 

It has here long been the practice to calculate 
Qevelues from the “extrapolated” energy of particle 
groups = the value obteined by linear extrapolation of 


a, 





il = 


the steepest slope of the numbers-energy or numbers- 
range curve to the baseline - and the similarly "ertre- 
polated" energy of the integral curve of the deuteron 
beam. This does not lead to very large errors (> 159 kev) 
in general, but it does lead to errors which can be 
corrected to become smaller than other and unsvoidable 
errors, Xotz in 1949 (41, M2) showed how such errors 
could be corrected quite precisely on the assumption 
that the distribution in energy of the beam was repre- 
senteble by e Gauss error function. The present work, 
without discounting Motz! work but discounting the 
assumption, derives reasonable corrections în e simple 
wey by an extension of Hota! treatment, it is advisable, 
however, to begin at the beginning with a treatment of 


tie Gauss distribution and ite ehzracteristics, 
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Gauss distribution 
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whence = = INE at steepest siope, 
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Bere y= cake 12 Ola y 2 The extrapolated 
intercept = ert = ; sie =NZ 
E: u AE N2 
Kert = Xo HANZ 
integral curve 
CD 
2 2. 
b -Z _ N = 
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z Nr 
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dn _ a 


at point ol steepest slope, whence Zz 3 0, X= x, at 


this point. Here also 


Be WK Ent o = ie 


The extrapoleted intercept then is 
N | E 
ext alr 2, 


Xext = Xo + a 





The difference then between the extrepolated intercepts 
of a Gauss distribution and its corresponding integral 


curve is 


W2 - NT) og = 0.528ax = 0.635| 


oe is the helf width of the distribution et 1/0 e 0.363 
maximum height, At half-maximum the half width M of 
the distribution Y given by 


a7 ba)” ee 
Le. 


whence 


(e Galles 0.832 a 


A counter-absorption measuring system counts 
particles in a finite interval of range (energy), hence 
can only approech a genuine differential curve in lts 
results. ‘The counting interval depends upon the geo- 
metry of the counter itself and upon the circults esso- 
elated with it - "peaking", blas, ete. thet the system 
counts ics particles of renge beyond that determined by 
the controlled amount of absorbing material in their 
path; the peeking oT the cirouits determines how far 
beyond. For a given amount of absorbing material, 


y 


corresponding to e e (or energy) Ry (or = ; 


= n= cofe D le 


For infinite counting interval (az; this amounts to 





so biassing the counting circuits that all particles 


passing through the counter ere counted) this is simply 
the integral curve analyzed above, As the counting 
interval is shortened, the right profile of the numbers- 
rengo curve remains unaltered until Ax 400. The 


ordinate n of the number range curve is given by 
rirar 


gä: 
nacje * de 
A 
= +D% = 4 
= ca fert da —_ caf e" E de 
9 O 
= Ya Be +az) - 9 (z)| 
where, agein 
X— Ko 
2= Sa 





The integrals are now the well known (and tabulated) 
probabillty integral, 

The minimum group width attainable with such an 
arrangement is limited bya. Por € true differential 
curve (a 2-> 0) the half width et 1/e of the maximum is 
oe; at ġ maximun it is 0.932 o¢ 28 determined above. In 
this case, however, the yield (meximum ordinete) ls zero, 
On the other hand the integral curve (“2 -2@cives maxi- 
mum yleld (N) but infinite width, An optimum degree of 
peaking evidently lies somewhere between these extremes. 


If one accepts the ratio of maximum ordinate to half 
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width as a criterion of merit one may calculate graphi- 
cally the optimun A Ze 
The maximum ordinete of the curve occurs at 
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The group half width at ¢ maximum is given by 


x=x, + AX for such value of x that 
A BX A BE 


le 


y 
Che ke JdnsGüle dz=coale az 





A y e O 
Por a 2 s O (true differential curve) the half width st 


half- meximum is «find « 0.932 - 
Foral al, for exemple 

[Ẹla H Sla)= 0.5205 
determine s 


Z= 0.404 ('= 0.9204 


These are plotted on Pig. 2, with the maximum 
ordinetes and peaking factors F, It is sean thet a 
broad maximum in the peaking factor eppears at A Z = 1.9; 
this serves es an approximate criterion of optimum 


peaking for best resolution of groups with Low yield, 
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For very prollfic groups one may accept the decreased 
yield to be expected from inereased peaking in order 
to oMmin the improvement in resolution (which is, 
however, slisht) resulting from diminished croup width, 
Inia mey work to the advantage of tne experimenter in 
thet the most prolific groups are generally those of 
low energy which are most closely spaced. (Corresponding 
to trensitions to highly excited states in the residuel 
nucleus. ) 

Extrepolated ranges (or energies) of distributions 
of this sort will be very neer the extrapolated range of 
the integral curve (Zext + ZS Aan? for lerge Si as 
peaking is sharpened the extrepoleted range will approech 
that of the differential distribution, (Also, as hes 
been shown by Mote end above, the abcissa of the maximum 
of the distribution epprosches the mean value for the 
groups The reasons for not using this value will appear,) 
Extrepoleted rangos are shown on Fig. 3 ln terme both of 
the distribution parameter œ and of the position of 
the extrapolated range in the interval between the two 
limiting values. The extrspoleted ranges may be calculated 
froma the distribution equations or measured from plots 
of the distributions. Doth figures ? and 3 have been cal» 
culated from tabulated values of the exponential and 
probability functions. 

The calculation of the extrapolated ranses is rather 


tedious but does show thst Motz' graphically determined 
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EXTRAPOLATED VALUES OF INTEGRAL 
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values are too high by small emounts in the region 


. 
between the extreme values of fiz. One hes 


n= PSB (e+a2)- Gz) 


dn -N{ -( +42) BE 

dz Are E se E 

a N E (a az)? + Bi ` 
a; 2(2+48)e + 2ze |=0 


at the point of steepest slope 2,. This equation can be 


simplified to 2, 


a arte). pipaita. up 


€T E 


which is solved from the teblos for sny value ofa Ze Then 


niz) 


teg = =, + qe) 
Az = | 


the ordinates of the points eu end the slopes at these 





points ere elso plotted on Fig. 5. It is seen that the 
point of steepest slope fells very near 0.6 times the 
maximum ordinate for ail the most important values of A 2e 
Thie faet is useful in extrapolating ranges and could 


gerve ae an index of mean renge. If one can predict the 





De 


z coordinete and percent maximum ordinate of the point 
of steepest slope as a function of ZN 2 it is obvious 
nonsense to use the extrapole ted value at ell, IF the 
position of tne maximum is uncertein this shoulă be a 
good methode 

This analysis gives @ very good method for treeting 
data initially representable by a Gauss distribution. 

It has been zede as deteiled as it has because the Geuss 
distribution represents R distinct and important entity 
in this kind of study - it beins the form of the diatri- 
bution genereted by statistical processes such as 
stragglinge 

One must now take into secount the fact, readily 
observed, that the shape of the curves taken with the 
equipment used in this work is not Gausssiean and indeed 
cannot be. 

A study of the energy distribution of the cyclotron 
beam has teen made using a method slightly more refined 
than those employed by previous investigators. In this 
study the usual arrangement involving a range ( sas 
absorption) cell was used but with the added feature of 
two sensitive galvanometers so arrenged that one indi- 
ceted at all times the total bean current while the 
other indicated the current getting through the range 
cell. In this way en accurately controlled plot of 
percent transmission vs. absorption could be made and, 


ideally, repeated. The measurements made yielded, however, 


T> 


4 e 
—_ il 





sone rather surprising results: 

l. Strong evidence that the energy ¿distribution 
of the bean is formed of a composite of at least two 
distribution? of A? fferent meen energies. 

2. The relative intensities of the two principal 
peaks are subject to fluctuations. 

3. The separation of the two principal peaks is 
subject to fluctuation. 

(Selected curves shown on Pigs. 44 and 4B.) the 

ectual cyclotron beem distribution may be seid to be 
“closely Gavasian” about helfwey up the profile of the 
integrel curve,i.e., between the mean enc upper limit 
energies, At lower energies pronounced devietlons epperr 
resulting in distortions of the upper pert of the diffe- 
rential distribution whose ultimate result is that’ the 
locetion of the maximam (1f there is only one) is not well 
defined. i is considered likely by the writer thet the 
duel peak effect is caused by serambling in the cyclotron 
of agerecetes of deuterons which have enjoyed total 
numbers of accelerations differing br one or two. Such 
effects could be contributed by orbit instabilities in 
the cyclotron itself, variations in the main magnet current 
(relative current resdinzs in the bean meusurements were 
observed to be very sensitive to. fluctuations in nagnet 
current), and the fect that the total number of eecelerations 
imposed upon the particles in this evelotron is unusually 


lerge. This number is estimated to be 5) for deuterons 
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of 4 Mev; the estimated energy increment of 70 kev per 
ecceleration (with 50° phase lag) (R1) is not incom- 
patible with this hypothesis end the observed been width. 
It is easily appreciated that: the result of adding parts 
of a smell nunber of distributions (even though probably 
Geussian) of different energies is not likely to be an 
overall distribution which is Gaussian in contour. It 
is quite possible, however, for sich an overall distri- 
bution to have a profile very like that of a Gauss 
distribution and still to have a broad uncertainly located 
maximum or even multiple meximo. This is the condition 
which is belleved to exist and to account for the 
anomalously wide energy spread of the externel beam 
of the Yale cyclotron. 4 study of published messure- 
ments of this beam, as well as of the shepe of isolated 
groups measured with it, offers strong support for this 
hypothesis. (Pl, P2, Sl, 2.) 

Given this set of conditions, i.e., 

l. Approximately Gaussian shape of the high energy 
edge of the beam 

2. Irresponsible behaviour of the rest of the beam 
distribution 
3. Large probable error in measured energy of bean, 

the following conclusions regsrding analysis of data 
were drawn: 


l. Extrapolated range would be more reliable and 





reprodueible than range of group maximum as an index 
of mean range, 

2. Use of "exträpolated energy” (converted from 
extrapolated range) and extrapolated beam energy from 
either integral or differential curves to deternine Q- 
values would wlth suitable corrections yield e11 the 
accuracy of which the system is capable. 

Se 4 combination of mathemetical analysis and 
hammer-and-crowber techniques should allow celculstion 
of "suitable Gorrections” ss funetions of energy aná of 
difference between extrepolated approximation and eccu- 
rately established <-velue for such eccurste values as 
may be available, 

To permit analysis on this basis the curves of Fig. 
6 were calculsted, usin= the curves of FigeS. Rigo- 
roubly the analysis still eppliesonly to results obtained 
with a beam whose energy distribution is "Gaussian", 
but it is believed that errors introduced by assuming 
the beam energy shape to be Gaussian ere smaller than 
other errors introduced by energy fluctuations, errors 
of measurement, etc. | 

Biguro 5 shows plots of dK/dE and d&/d® versus 
energy for protons, calculated from the "range exponent" 
given by Livingston and Bethe (L3). Also shown on Fig. 
5 are values of predicted group: parameter Oly calculated 


by compounding the three effective parameters of bean, 
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range straggling, and angle straggling by the formula 
als af - mt - oe © e Here Œn is totel parameter 

2 b 3 a D E , 
@p the “reflected porameter” as discussed by Motz; Ly 
the range straggling perameter, and o, the angle strag- 
Bling parameter. “he renze straggling peremeter was de=- 
rived from the graphical presentation of extrapolated 
range minus nesn range as & funetion ofmean range for 
integral curves given by Livingston and Bethe. The 
angle «tragzling peraneter wes calculated in the manner 
indicated by Livingston end Sethe for "good geometry" 
in blithe diregard of the fact thet throughout this 
work the geometry was in truth "poor", Livingston 
emi Bethe point out the difficulty of obtaining good 
geometry with heavy nuclei (as heavy as sodiun), 
end point out also that with heavy mieleí the recoil 
energy is not very significant. The author wishes 
to point out thet the notion of a limiting engle 
for good geometry, 1.e., one for which & maine pene- 
tration of particles of 2 shmp group exists, depends 
upon the fact that es the tngle of emission is decreased 
the particles (tougn thelr energy increeses) treverse 
the absorbing meterial more and more oblicuely. In the 
ususl experimental arrangement (and in that used here) 
part of the stop.ing materi2zl ia in the eluminum foit 
windows on the bombarcnent chamber and on the counter. These 
foils are botlı bowed by stmospheric pressure in such a way 


that psrticles nesr the limiting angles of emission 





= 


traverse this part of the absorbing medium not only 

near normally but in a region where it is thinned by 
stretching. The limiting angle for maxima penetration 
will also depend in small degree (not cesily caiculeted) 
upon the shape of the sensitive volume of the counter, 
ená this in turn will ¿epend upon the voltage epplled to 
the counter. For all these reasons it le submitted 

that the use of the “good geometry” approximation for 
the angle straggling parameter will not lead to gross 
error. 

The curves merked A'B'C* of Figure 5 ere predicted 
group widths in centimeters for 1deel geometry (no angle 
straggling), fer the best geometry used in this work, and 
for the worst geometry used in this work, respectively. 
The curves A,D, and C are tre seme quantities converted 
to kev by the value of dE/AR given for the same mean 
range. 

These curves are used to derive the curves of Fig. 
6 in the following fashion: One assumes that an integral 
curve of a proton croup has been taken end the meen 
energy Geterzined from the mean renge. This energy is 
combined with the mean energy of the beam to sive the 
best value of onersy release & for the group. Then Tor 
ci? (a,p) c16 
med ZA mean 
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using conventional non-reletivistic momentum-energy 
relations and mass numbers for messes. An"extrepoleted 


get mey be calculated using the extrapolated 


integral" 
ensggy of the integral curve of the group and the 
extrapolated energy of the integral curve of the beam: 
this will be identice! with the € obtained from the 
mean energies but for the effect of straggling. From 


the relations for Gauss distributions discussed above 


ei  271CEL SC E 
Q "age Ce — Ek» 


= ao $7? | 


d p 3, ZNTAp 
ae” - 3 + 
36 Ar Xg 


gem S7ASK 34 ZA Te 
Q4 72 P DA + 


where Ep is the proton distribution perameter and 


cyp is the beam distribution parameter. The difference 


ei IS + 7 / 
Q -Q= 72 (3Ta p- 203 d 


is the correction which must be «pplied to the GEL to 
obtain the best value of Q. 

At the other extreme, for a true differential curve 
of the proton group, one may calculate in the usual 
fashion an “extrapolated differential” ¿“Ífrom the extre- 
polated energy of the differentiel proton curve and the 


b 





extrapolated energy again of the Integral curve of the 
beam. The extrapoleted energy of the differential curve 
of the beam is not used because It is not measured 
directly and would also introduce unnecessary comli- 


estion.o One now has 


o". = ed ae. | ei 
D p 36 to 
oa. "ZA FI at. 
2 3 de ZEN ZA Ap" ze 2 ar XG 


= Orar 36 ENT Lo, and 
ge Läd (312 ap — | JNK K Xs) 


gives the correction to be applied to <-vaiues computed 
in this manner to obtain the best value of Ge For a 

given mean proton energy, Geuss distribution, and other- 
wise stable condition: theeror in u calculated from 
extra;zolated proton energy and extraspoläted integral 

teem energy must ile between these extremes. In principle 
this involves © variation of A 2 from 0 to infinity; 
prectically, varietion of /y & beyond “bout 2 has no 


effect on the extrapolated range. On Tig. 6 ere plotted 


the corrections to be subtracted from the enproximate 
© - velues as functions of mean proton enprgy. The 


velues of mp were taken from Figure 55 the value of Mer 





=e- 
used was 90 kev, & mean between that calculated for 

the free beam end that for the beam when slowed to 5 Mev. 
fkgaein the three curves în each group are for ideal 
geometry, the best geometry actually used, and the 

worst geometry actually used, respectively, in ascending 
order. 

A feature of these plots which strikes the eye at 
once and can be checked with a straightedge is that 
they are straicht lines within 5 kev over the whole 
useful range (2 to 14 Mev). The lines for the integral 
curves converge toward the origin as one would expect; 
those for the differential curve sre neerly parellel to 
them but converge slichtly toward the low energy end 
because the difference between extrapoleted values of 
integral and differential curves is 0.55 or, es has been 
shown. 

From these considerations a blunt-instrument-type 
but nonetheless adequate approach to the probiem of 
obtaining accurate O values îs derived. The edditional 
assumption is required that even though the energy 
distribution of the beam is not a Gaussian it wtll behave 
like one when combined with Gauss distributions (1.e., 
subjected to straggling). This is an assumption of the 
sort which is often said hopefully to be " not too bed." 
In suppoBt of the assumption is offered the fact that 
the high energy profiles of the messured beam distributions 


are mostly fairly close to Gaussian ( the distributions 


of Figure 4 are not to be taken as typical; they were 
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the worst encountered), and It is this part of the 
distribution which is most strongly influencing the 
extrapolated value (provided the target is sufficiently 
thin). The relation 


Rext = Kot Ma 


for integral curves was found, using values for œ 
measured from constructed differential curves, to be 


accurate to 5% for the actuel beam distributions, 


The relation for differentiel curves 


X ext mid X» + N2 OC 


is readily seen to be 10% off for en isosceles triengle 
and only 40% off for a perfectly square distribution! 
The method proposed, then, for analyzing this sért 
of data is very simple. The chief requirement is to 
establish one Q-value Sccurately, Hore are helpful, but 
ene is enough. If the Gevalue is established from the 
mean range of an interral curve, the extrapolated value 
may be used to calculeted the qei - 4 for the particular 
mean energy and also to establish the o¢p for the group. 
From the wp is obt@ined Q¢¢ for the same mean energy, 


using 
ea = 2.0535 


in the case of C1°5 (a,p)cı®®. 
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å plot similar to Figure S may then be made: the 
gel ~ Qwill be giten by a straight iine through the 
origin end the experimental point. The d“. a line 
"ay be drawn parellel to tkis through the one point 
al ready obtained - this will result in @ maximım etor 
of 5) kev - or for sreater refinement one may compute 
& second point for a different mean enersy using the 
conventional methods to estimete a new a Tor the different 
conditions of straggllag. ¿ne may also obtein the second 
point of the wed a Q line experimentally if there is a 
second group sufficiently isolated to perait running 

f an lntegral curva. 

Any run subsequently made with the sans geometry 
will then, whatever the degree of peaking, have à corres- 
ponding line somewhere between the extrenes. Heasure- 
ment of the "extrepolated «" of a group for which an 
Accurate & value is availeble will locete one point of 
the line. If Na were constant over a given run, the 
correction line for the rum would be the loeus of 
pelnts lying above the lowere limit by constant fraction 
of the distance between the limits. Values of this 
fraction es a function of Oz are given by the plot of 
"Sexy Teletive™ of figure 3. Unfortunately it is not 
Q 2 which remains constant over a run but AE, tre counting 


interval in range, which determines A z by the relation 
AR 
A 
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where oc is the group parameter in centimeters. It is 

this effect which is responsible for the diminishing 

resolution atsshort ranges (elong with increasing 

d= /dR and in spite of decreasing straggling), at least 

partly for the increased yields et short rances, and 

for the fact that the structure of the beam seems to 

show up only In long range groups. Correction curves 

for lines of constant /NR for the ideal geometry case 

of Figure 6 are shown on Pisure 7. Here the bluntness 

of the blunt instrument becomes apparent: these are 

very close to straight lines 3150, and all the important 

ones pease within 25 kev of the origin. The second and 

crucial step of the method, then, and one which can 

be secomplished without completing the first, is this: 

Through a point on a correction line established fiom an 

eceurate € and an "extrapoleted 2" for a given run, drew 

a straight line throuch the origin. Corrections to ell 

extrapolated © values for the run will tben be reed 

directly from the line es functions of the proton energy. 
If the instrument secem painfully blunt to the readezx, 

let him remember the shapesof the beam distritution 

and its dubious relation to the shape ef the Gauss dis- 

tribution for which this enalysis was reasonably rigorous 

up to the precedinz paregreph. what hes been established 

is that for extrepoleted « velues determined by the 

methods used in this laboratory, but with a been of deaterons 


whose nımbers-energy distribution is deseribable by a 





= — 
e T 
> 
i 
TT 
- Zn e Te i 
4 = 
— - 
e o 
' 
A a = ' 












eS eae +... ot 


O Se oe = ep 












E . „i 
„Do e simi 2 gumin i 
MD MO am mem = e mm 
TA e gp wn mu" & — 
ib a m . = 
a em "tte em: a e pi A, 
A A A a i 
— nn tm I 


ER RA fr mp men oe u 


— —_ ` ja ae u ote ae 
vn Bw m mm ts zm 


Pe ve pr er gg ei 
Zen D 


















SL 


T6°S 
SST 
8S I; 


Ber. 
SIT 


uy 


Sl 


OT 


ADUHNI MOLOUI 


H 


9 Ý © 


YY INVISNOO JO SINIT NOILOXUYOO 
4 AUNDIA 


OS 


OOT 


OST 


003 


Aen 





ah 


Gauss function, corrections can be calculate end shown 
to tend toward zero for small praton energies. As the 
actual been distribution is indescribetle and vertes in 
time besides, but hes in common with the Geuss distri- 
bution the attributes of 

lo being in effect bounded by en upper end lower 
limit 

2. Rising from the limits to maximum intensity at 
end around e mean ( actually, by our definition, median) 
velue 

de faving @ width or parameter which is related to 
the extrapolated intercept of the inte:ral curve in a 
reguler way; the existence of such corrections end such 
tendency are inferred fer actual C-valves measured in 
this laboratory, 

The severel objections to the method and manner of 
the inference would be more serious if the nethod laid 
cleim to greater precision. One Is the improprity of 
using the rootesum-square combination (KE) of peraneters 
of superposed distritutions one of which is petently not 
of the same kind es the others. A second is the inpro- 
prhety of using this method of combination of cistributions 
one of which (thet of the team), even if it were really 
"elosely Geussien", is not generated by the random statis- 
tical processes assumed in the develop ment of probability 
theory. These are valid objections, and because of them 


the cleims of precision of the analysis and indeed of the 
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ultimste precision of the observations with the appa- 
ratus are limited. 

Certain other corrections have been calculated, 
these are of less importance then the crange of group 
shape and renge by peaking discussed above, 

The error in caleulated G-values introduced by 
neglecting reletivistic corrections has beon caleuleted 
for 4 Mev deuterons to be 1.7 kev for 10 Mev protons from 
C135(â,p)C01%5 and 2.6 kev for 12 Nev alphe-verticles 
from 6155(a,c¢) 5°, 

& correction for poor geometry has been estimated 
also. As Bethe hes shown, Boor geometry is such that 
particles of an ansle of emission corresponding to e 
meximum penetration into the detector can reach the 
detector. As Bethe hes also shown the effect is to 
create a rectangular distritution from a group of particles 
originally sharp, the upper limit of which distribution is 

the true range of the gpup and the width of which is 

Ro (1-co0s Y ¿) 
if one neglects the dependence of energy on the engle X. 
made with tho axis of the detector by the particles. Here 
Ro is the "true range" of the particles and X, the limi- 
ting angle of detection. The dependence of energy on 
direction changes the meximun range from Ry to R¿(1-¿00Í0,) 


where 8 is the angle corresponding to maximum penetration. 


The total effect then is to generate a rectangular dis- 
tribution whose mean range is 
) 


Ro 1200890 d a” a 
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“hen combined with the large distributlons already 
GQlseussed this hes the gam effect es an increase of 
counting interval on the shape of the observed curve but 
will shift its whcle position by an ansunt corresponding 
to 

costa - 3 (1- cos X y) 
o | 

This ls a correction which does not go to zero with 
zero energy and whieb must be applied to the ranges of 
intesral emmves used for esteblishing aecurate -values 
as well as to others. It is however smell, averaging about 


1 centimeter for the worst ceometry used in this work 


o 


end being of the order of 1 or 2 nillimeters for the 
best, 

Target tilexkness corrections rheve been discussed 
by Siotz with respect to this kind of work. The effect 
of gmall target thickness has been sown to be equl- 
valent to that of a small increase in ÓR on the observed 
shape of a group; this may be considered as a change 
in distribution parameter as suggested by Votz or allowed 
to be absorbed by the method of determining the spprox~ 
imate correction. ^s target thickness in this work 
wes never over 100 kev and was usually mach less, the 
correction for it was considered to be included in the 
overall correction. 

The metter of counter depth has been discussed at 
great length by several writers (M1, #2, M2). It was 
not deemed profitable to make precise determinations of 


the variations of this quantity as the correction involved 





re 


Ad 


is very small. The megnitude of the counter depth for 
alpha psrtic]les wss calculated by comparison of the N14 
(4; ) cif end group recently published by Kaln end 
Buechner. (6. Also see F4 for others). 2 meen value 
for protons wes estimeted end used for ell the work. 

A finel: correction & small magnitude hes been applied 
to Q-velues for groups assigned to a”. Ag the masses of 
the two isotopes of chlorine sre so close together 
percertagewise, purely as a matter of convenienco ell 
Q- values were originelly caleulated es thoush for 
0155, After assicnnent of the groups the smeli correc- 
tions were made ( amounting to as much 2s 14 kev) to 
those assigned to as. 

It is believed that G-values determined by this 
method should be eccurate to within S0kev over the whole 
range of values measured. The estimate ls based upon 
consideration of «11 the sources of error which can be 
anticipated, Errors in the excitations of the excited 
states will be comparable, with some redation because 
the excitations are determined from differences of Gq 


velues and the effects of systematic errors will tend 


to be compensated. 





she 


2. Experinental Resulta 


A total of 13 proton groups were observed. Figure 
3 shows a numbers=-vg.-range curve for cone of the en- 
riched f.g01 targets. Figure 9 shows a similar curve for 
a gas target whose chlorine content was 87% light Lsotope. 
The solid target curve shows how the closely speced 
groups were resolvec by constructing symmetrical groups 
from rigut to left, The gas target curve shore the 
vertical axes of symuetry of the constructed groups. 
This particular curve wes chosen to illustrate the gas 
terget data because it was one of the few showing a 
Single run coverings the whole range of proton energy. 
It shows only mediun resolution, as it wes made with a 
thick target (30 kev) eand less-than-average peaking. The 
airficulties of replution were not much reduced even in 
the best runs, however. G-values for the croups observed 


TE 
were (all calculated as though from cl“? în ker: 


A. 6.27 a 209 Le Se 57 Zë .09 
Be De DL e +03 B. 2.39 - „09 
Ce 5.09 = .03 Ze 1.88 = .03 
Ee 4.72 = +93 Re 1.45 - eil 
B. 4.30 ~ 00S Os 1.11 = 2-08 
F. 5.798 = .99 Pa 0.78 z .09 
Ge 3.42 4 00 d ` Beëi 3 

He 3.01 D +99 Re 0.07 - .89 


de 2.71 a ell S 0.36 Lo el 
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The errors listed reflect standard deviations in the 
observed values es well as the errors and uncertainties 
oreviously estiaated. Groups & and & were observed in 
¿vet one run: the only one on enriched sliver chloride 
to extenc to such low, energies. 

Analysis of the groups to effect aezigmment to isotopes 
nes proved diffieult and not very profitable. Ine infor- 
mation available frou the solid silver chloride was 
limited (3 runs} in quantity end also in dependability 
by the decompos ition of the targets. 

The nearly simultanesus Tinel failure ol the cyclo- 
tron anv failure of tos column which was enriching ACL 
in G157 effectivoly prevented obtaining any more heavy 
isotope deta, either vith locally prapereld tarvets or 
with HCl prepared fron the Oak Ridge AgCl. The data 
available wore therefore subjected to ss searching cna- 
lysis as possible in order to extract what information 
there was. The method adopteú was to construct e large 
matrix-like array whose element Di was the ratio of 
the yield of group "1" to that of group “j" in the 
region above the ciagonal, where were entered these 
ratios for runs on targets containing & preponderance 
of Cu, end whose element Rag was the seme ratio in 
the region below the üäleganal, where were entered thea 
ratioa for rans on the enriched AgCl. This errencenent 
permitted direct comparison of relative yields for all 


peirs of groupe for all runs. This comparison was 
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supplemented by visual comparison of the curves for the 

runs themselves. 
he maximun ratio of relative isotonic concentrations 

in the different targets vas about 12.5 (from 87:13 to 
35:85), @ varistion which should in principle ellow 
easy discrimination of groups from the two 1sotopes, 
The effect, elreacy mentioned, of the vagaries of the 
method of resolving, the ciosely speeed groups upon the 
relative yields of the groups was such as to cause the 
epsarent relative yicläs to vary by a fector of as much 
as 2 from run to run. In no case eps & varletion of 
es much as 12.5 observed, even beween the extremes of 
isotopic concentrations, so the assignments to isotopes 
of the groups end eonsequently of the excited states 
can be regarded st present es no more then "educated 
guesses", The essisnments es made, together witk rela- 
tive yields and excitations, are given in Tables II and 
LL. 

Table It C155 (d,p) 0155 
Relative yield Excitation (E6)level Shrader 


x 


VW 

A 6.27 1 O O O 

B 5.51 8 0.76 0.79 em 
0.96 

C 5.09 7 1.15 1.14 

E 4.78 G 1.55 1.63 

D 4.50 20 1.97 1.94 

D 3.79 so 2.43 Ze 44 

G 3.42 65 2.85 2.84 

E 3.01 50 5.26 5.05 

J 


2.71 55 5.56 3.55 


we P= 
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Teble 11, cont'd, 


& Relative yield Excitation (EG)level Shreder 
o 1.11 165 5.16 (410) 
P 0.78 175 5.49 (450) 
R 0.07 355 6.20 (454) 


The egreement with the Chalk River groups is seen 
to be good with the exception of groups D and H; also 
no counterperts to the last 3 gamma-rays observed by 


thet sroup were found, 


Table iii 01% (d,p >) c138 


G Relative yield Excitation Shrador 
F 3.77 19 O O 
K 2.55 23 1.22 

| 1.00 
L 2.37 97 1.40 
H 1.86 107 1.921 

1.92 

E 1.43 32 2.54 
GQ 0.29 120 5.48 
8 -0.38 900 4.15 


Group p is shown es belonging to. both isotopes 
beceuse it is believed to be a very close doublet fron 
the change of shape shown by it in going fron ef rich 
targete to c1°2 rich tarcets. Tris assigmmentis also the 
only one which could be made consistent with existing 
masa data, Thet it agrees very closely with these dete 


is probably fortuitous, because of the inaccuracy intro- 


duced by the tacit assumption that both elements have 


the same energy in a doublet which ig wide enough to 
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“ine 
change its shepe appreciably with a chenge in relative 
masnitude of the elements. 

The Pesetion 0195 (4,a ) 355 has also been observed 
down to ĝm range. Two groups were found y heving Q= 
values of 3.47 + el dev am 7.94 dev, No error is assig- 
ned to the 7.54 sev group as it is considered probable 
that its shape wes distorted vy the N14 (d, e) 0? 
group with « = 9.14 Aev. ‘hen conbined with the 3.47 value 
for the ground state it gives 0.63 Kev for the first 
excited state, in reasonable agreement with: Devison's 
value of 0.79 (D2). The „-value of 3.47 Mev for the 
ground state wes established by direct comparison with the 
BI ae ) gle ground state group with en accurately cete- 
blished Q of 15.53 Zeg (Sei, 

Some mass date ere also avalletle fron the three gronnd 
state G-values reported here. Values for the bede masses used, 


el LMU 4 8,98 mm 


i 1 4 8.14 mim 
D? 2414.72 am 
He* 445,91 mm, 


ere those of Tollestrup, Fowler, and Lauritsen (15). 
these 
From the reaction 
ca% (app) 1 Q = 6.74 mau 
yields a mass difference 
0136. 6155 = 0.990984 eum 
This may be compared with values of 
0.99981 (from Shrader snd Pollard) 
1.00017 (microwave determination, L7) 


0.99979 (n, y from Chalk River group). 





Yeasurement of the 619 positron (if there were 
such @ positron) would allow checking of mass differences 
around the eyele 59%. 59% (16), 5%. 535 (pe, L7), and 
0195 - 399 (Sl and this paper). Measurement of the 
mass difference a36. A55 would also creete e closed 
eyele with c1°° - c1d5; A35 (135 (m2, ma) ana 138. 0236 
(F2, #3), 

The reaction 

c157 (app) 015% @ = 4.05 meu 
yields a mass difference 

e158 - c137 2 1.00252 
which may be compered Girectiy with 1.002285 (from Shrader 


and Pollard). Better agreement is obteined from the cycle 


6197. 155 1.99751 (T2,G1) 
ADS - 0359 2.99443 (23) 
ef? a 250 „00553_ (16) 


c138 - c1%  1.00280 
The reaction 
0155 (4,00) SC" Q = 9.10 mau 
yields the mess difference 
0195 _ 535 1.99829 
This does not asree very well with Shreder end 
Pollerd's velue of 1.29306 but maey also be comprred 


by combining the two mess differences 


2.283092 DBE 

0135 . 5% 1.99840 
showing agreement to 0.1 Kev whieh is within the limits 
of experimental error. 

The effects of impurities on the groups heve been 
eveluated upon the basis of published deta on the proton 
yield from nitrogen and oxygen and from air (D2). Normal 
nitrogen ylelds fron gas targets purified by freesing 
appear on Figures 9 and 10. In the case of protons a nitro- 
gen concentration corresponding to a yleld of about 
twice that of the chlorine end -reup would be required 
for air contamination seriously.to affect the groups. 

Por the alphe=particle yield it was estimated es has 
already been implied thet the nitrogen content was suffi- 
clent to displace the Low-energy group. The presence of 
en undetermined but provebly smeil smount of carbon in 
the gas targets was indicated by 

(a) Formation of a yellowish, acetone soluble 
deposit with an unidentiflable spiey odor on the bottom 
of the chamber under the beam path 

(b) Presence of a distinct pink tinge (going 

in one instance to 2 deep cherry red) in HCl frozen after 
long bombardment. This appeared after the MCl froze and 
on warming @iseprpeered beforethe HCl sublimed - Indicating 
that the presumed orgenic chlorine compound could not be 
removed by pumping on frozen HCl. This unidentifled 


contaminant may have been picked up from stopcock grease 
or from rubber tubing used in the system. 
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